ABSTRACT Various chemopreventive compounds alter gene expression, possibly explaining their biological activity. One gene induced by a variety of chemopreventive compounds is the one coding for the transcription factor activating transcription factor 3 (ATF3). In this study, we performed microarray analysis on mRNA isolated from human colorectal cancer cells overexpressing ATF3 to ascertain the biological activity of this gene in cancer. As a result, 64 genes were induced or repressed. One gene identified by microarray analysis as repressed by overexpression of ATF3 was inhibitor of DNA binding/ differentiation-1 (Id1). Id1 is important to cell growth and proliferation and therefore may represent an important downstream target of ATF3 responsible for the biological activity of ATF3. Id1 interacts with ATF3, thereby sequestering its activity, making it an ideal candidate for further study. The induction of ATF3 and repression of Id1 in these cells were confirmed at the mRNA and protein levels by semiquantitative real-time reverse transcription-polymerase chain reaction and western blot analysis, respectively. To determine if the repression of Id1 seen following microarray analysis of these cells occurred following treatment with dietary compounds with known chemotherapeutic activity, human colorectal cancer cells were treated with resveratrol and genistein, and their expression was determined. As a result, ATF3 was induced, and Id1 was repressed, by these compounds and by sulindac sulfide, a positive control, at the mRNA and protein level. Further work is needed to determine the molecular mechanism(s) responsible for the regulation of Id1 and to determine if biological activity of ATF3 overexpression is mediated by repression of Id1 by these compounds.
INTRODUCTION I
n the United States, colorectal cancer is the third leading cause of cancer with an estimated 142,000 new cases and 51,000 deaths in 2010. 1 Diet plays a significant role in the etiology of various diseases, including cancer, 2 and recently focus has been placed on the impact of diet on cancer. 3 Increasing evidence suggests a decreased risk of colorectal cancer from the consumption of naturally occurring dietary polyphenolic compounds such as resveratrol (an antioxidant and anti-inflammatory with chemopreventive activity found in red grapes and wine) 4 and genistein (an isoflavone phytoestrogen, tyrosine kinase inhibitor, and antioxidant with chemopreventive activity found in soybeans, pea pods, and other legumes). 5 However, the precise chemopreventive mechanisms of these compounds are unknown. These compounds are well known for their antioxidant and enzyme inhibitory effects; however, another explanation for the chemopreventive effects of these compounds is the alteration of gene expression by these compounds independent of their primary mechanisms of action. For example, dietary compounds alter global patterns of gene expression, including genes related to cancer, which may explain their anticancer activity.
Microarray analysis of PC-3 prostate cancer cells treated with genistein 6 revealed changes in the expression of various genes. The gene for activating transcription factor 3 (ATF3) is one gene reportedly with an emerging role in cancer (for a review, see Thompson et al. 7 ). We previously reported that dietary compounds such as genistein altered the expression of ATF3 in colorectal cancer cells, 8 whereas others have reported the induction of ATF3 by the dietary compounds genistein 9 and indole-3-carbinol and its dimer 3,3 0 -diindolylmethane (an isoflavone with multiple mechanisms of action). 10 Previously, we used microarray analysis of colorectal cancer cells treated with sulindac sulfide to identify several candidate genes potentially involved in the chemopreventive activity of cyclooxygenase (COX) inhibitors independent of their ability to inhibit COX. 11 One gene, ATF3, was further studied because its product is a transcription factor and it is an immediate-early gene involved in cell growth, apoptosis, and invasion. ATF3 is a member of the ATF/cyclic AMP-responsive element binding protein family of transcription factors and is linked to the carcinogenic process. 12 As a transcription factor ATF3 modulates the expression of genes linked to cancer, including gadd153/Chop1013, matrix metalloproteinase-2, [14] [15] [16] and the antitumor gene p53. 16 The transcription factor ATF3 has anti-invasive activity when overexpressed in colorectal cancer cells as determined with various in vitro biological assays and antitumorigenic activity in vivo in a nude mouse tumor xenograft model. 8 ATF3 was first identified as regulated by nonsteroidal anti-inflammatory drugs (NSAIDs) according to microarray analysis in our laboratory.
11 ATF3 is induced by NSAIDs and other compounds with chemopreventive activity and is repressed in tumors relative to normal adjacent tissues. ATF3 is up-regulated by various chemopreventive compounds, suggesting that the induction of protein from this gene may be beneficial. ATF3 is regulated by traditional and selective COX inhibitors 11, 17 and has antitumorigenic activity in mouse tumor xenograft models in vivo and anti-invasive activity in colorectal cancer cells in vitro. 8 In addition to COX inhibitors, various dietary compounds such as resveratrol and genistein possess chemopreventive and gene regulatory activity and are reported to induce ATF3.
In this report, we performed microarray analysis on human colorectal cancer cells overexpressing ATF3 to look for potential downstream gene targets of ATF3 related to cancer. The overexpression of ATF3 has been shown to regulate the expression of genes related to invasion. 8 We chose to focus on the repression of one gene, inhibitor of DNA binding/differentiation-1 (Id1), because, like ATF3, it is involved in cell growth and invasion, and thus it has a similar biological function as ATF3. Id1 belongs to the inhibitor of differentiation family of genes, whose protein products have been shown to play a role in cell growth, differentiation, proliferation, invasion, and angiogenesis, in part, by their ability to associate with and inhibit the function of various transcription factors involved in cell fate determination, differentiation, and angiogenesis. 18 Furthermore, Id1 is regulated by some of the same chemotherapeutic agents as ATF3, and reports indicate ATF3 and Id1 expression might be co-regulated. Apigenin, a common dietary flavonoid with antitumor properties, inhibits Id1 expression through the expression of ATF3, thereby reducing cell growth and proliferation in ovarian cancer cells, 19 and ATF3 regulates the expression of Id1 based on Id1 promoter mutagenesis experiments. 20 This is the first report to show that Id1 is repressed by ATF3 overexpression and following treatment with the dietary compounds resveratrol and genistein, adding to the potential value of the genes for these proteins as therapeutic targets in cancer while adding to the repertoire of the use of dietary compounds in the prevention of cancer.
MATERIALS AND METHODS

Cell lines, reagents, and treatment conditions
Human colorectal cancer cells were purchased from the American Type Culture Collection (Manassas, VA, USA) and were maintained at 37°C in an atmosphere of 5% CO 2 . Cell culture reagents were from Life Technologies (Rockville, MD, USA) unless otherwise indicated. Human colorectal cancer HCT-116 cells were maintained in McCoy's 5A medium, supplemented with 10% fetal bovine serum and 10 mg/L gentamicin (complete medium). Sulindac sulfide, resveratrol, and genistein were from Sigma Chemical Co. (St. Louis, MO, USA). Chemicals were dissolved in dimethyl sulfoxide and prepared fresh weekly. Cells were grown overnight to 60-70% confluency in complete medium and treated in serum-free medium for 24 hours unless otherwise indicated. Vehicle consisted of 0.1% dimethyl sulfoxide after dissolving in medium at a ratio of 1:1,000.
RNA isolation
Following treatments, tissue culture cells were rinsed twice with sterile phosphate-buffered saline for isolation of RNA. Total RNA was isolated using the Qiagen (Valencia, CA, USA) RNeasy MINI kit according to the manufacturer's instructions. Quantitation of the RNA was performed using a small aliquot of RNA dissolved in 10 mM Tris (pH 8.0) using a Beckman DU7400 spectrophotometer (Beckman Coulter, Fullerton, CA, USA). RNA was stored in an ultralow temperature freezer (Thermo Fisher Scientific, Waltham, MA, USA) at -80°C until use. For microarray analysis, quality of the RNA was evaluated using the Agilent Technologies (Palo Alto, CA, USA) Bioanalyzer according to the manufacturer's instructions. RNA was quantitated immediately before use with a NanoDrop Technologies (Wilmington, DE, USA) ND-1000 spectrophotometer.
Microarray analysis
Microarray experiments were performed by the National Institute of Environmental Health Sciences microarray group of the National Center for Toxicogenomics (Research Triangle Park, NC, USA). Gene expression profiling was conducted using the Agilent Technologies (Santa Clara, CA, USA) Human 1Av2 chip, which contains *20,000 genes. Microarray experiments were performed using 50 lM concentrations of the compounds indicated and were performed twice for each compound tested (or overexpressing cells) using a fluor reversal relative to time-matched vehicletreated (or vector-transfected) cells. Five hundred nanograms of total RNA was amplified and labeled using the Agilent Technologies Low RNA Input Fluorescent Linear Amplification Kit, according to the manufacturer's protocol. For each two-color comparison, Cy3-and Cy5-labeled cRNAs (750 ng of each) were mixed and fragmented using the Agilent In Situ Hybridization Kit protocol using a fluor reversal. Hybridizations were performed for 17 hours in a rotating hybridization oven according to the Agilent 60-mer oligo microarray processing protocol prior to washing and scanning with an Agilent Technologies scanner. Data were obtained using the Agilent Feature Extraction software (version 7.5), using defaults for all parameters. The Feature Extraction Software performs error modeling before data are loaded into the Resolver system. Images and GEML files, including error and P values, were exported from the Agilent Feature Extraction software and deposited into Rosetta Resolver (version 5.0) (Rosetta Biosoftware, Kirkland, WA, USA) as indicated below.
Data analysis
The Rosetta Resolver system performs a squeeze operation that creates ratio profiles by combining replicates while applying error weighting. The error weighting consists of adjusting for additive and multiplicative noise. The resultant ratio profiles (two for each comparison, using a fluor reversal) were combined into ratio experiments as described by Dai et al. 21 A P value, representing the probability that a gene is differentially expressed, is generated and propagated throughout the system. The Rosetta Resolver system allows users to set thresholds below which genes of a P value are considered to be significantly expressed. In this study, the threshold was set to P < .001 with directionality being maintained. Because of the large number of genes that resulted, a second cutoff was arbitrarily set at 1.3-fold.
Hierarchical cluster analysis
Hierarchical clustering was used to group genes with similar patterns of expression. The dendogram reflects the relatedness between groups of genes or samples based on gene expression profiles. Clustered genes are often mechanistically related, and samples with similar clustering are often biologically related. Hierarchical cluster analysis on significantly regulated genes was performed using the Rosetta Resolver system to systematically determine what genes were concomitantly regulated by ATF3 overexpression.
ATF3 overexpression
A construct containing the entire full-length coding region of the ATF3 gene, including the TATAA region, which is required for translation of the mRNAs, was generated by reverse transcription (RT)-polymerase chain reaction (PCR) using RNA from HCT-116 cells with the following primers as previously described: 8 forward, 5 0 -CGTGAGTCCTCG GTGCTC-3 0 ; reverse, 5 0 -GACAGCTCTCCAATGGCT TC-3 0 . In brief, the resulting 721-bp cDNA was cloned into pCRII-Topo Ò (Invitrogen, Carlsbad, CA, USA) followed by excision at the HindIII/NotI sites and transferred into the expression plasmid pcDNA3.1Zeo + / -(Invitrogen) using T4 DNA ligase (New England Biolabs, Beverly, MA, USA) and then confirmed by DNA sequencing as previously described. 8 Transfection experiments were carried out using LipofectamineÔ PlusÔ reagent (Invitrogen) according to the manufacturer's instructions. Following transfection of these constructs into HCT-116 cells, the expression of fulllength ATF3 protein was evaluated at the protein level by western blot analysis and at the mRNA level by semiquantitative real-time RT-PCR. Stable pools of HCT-116 cells expressing full-length ATF3 sense or vector (pcDNA3.1Zeo)-expressing cells were isolated following 3 weeks of culture in the presence of zeocin, and expression of ATF3 was routinely detected by western blot and semiquantitative real-time RT-PCR.
Western blot analysis
Protein was isolated in 1 · radioimmunoprecipitation assay buffer including one Complete-Mini Ò protease inhibitor tablet from Roche Diagnostics (Indianapolis, IN, USA). Cell lysates were stored at 4°C for 30 minutes followed by centrifugation at 12,000 g at 4°C for 20 minutes to remove cellular debris. Quantitation of protein was performed by BCA assay (Pierce, Rockford, IL, USA). Blots were blocked for 1 hour with 10% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and then probed overnight at 4°C in TBS-T with 5% milk containing primary antibodies for Id1, ATF3, p53, or actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Blots were washed in TBS-T, incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (Amersham Biosciences, Piscataway, NJ, USA) for 1 hour at room temperature in TBS-T containing 5% milk, and washed several times in TBS-T. Where necessary, blots were stripped of antibody before reuse while sealed in a plastic bag containing a solution of 62.5 mM Tris-HCl, 2% sodium dodecyl sulfate, and 100 mM b-mercaptoethanol for 30 minutes with constant agitation in a 50°C water bath.
Densitometry measurements
Autoradiograms from blots were scanned using an The following human-specific primers were used: ATF3 forward, AAGAACGAGAAGCAGCATTTGAT; reverse, TTCTGAGCCCGGACAATACAC (71 bp); actin forward, CCTGGCACCCAGCACAAT; reverse, GCCGATCCACA CGGAGTACT (70 bp); and Id1 forward, CTACGACA TGAACGGCTGTTACTC; Id1 reverse, CTTGCTCA CCTTGCGGTTCT (76 bp).
Cell proliferation assay
Cell proliferation was measured using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) colorimetric assay from Promega (Madison, WI, USA). In brief, 2,000 cells per well were plated in complete medium in 96-well tissue culture dishes overnight. Cells were treated with various concentrations of vehicle or the compound indicated in complete medium in a final volume of 0.1 mL. Cells were grown in complete medium containing serum to reduce the toxic effects of serum-free medium over a 48-hour incubation, which has produced the best results routinely in our laboratory. Cell viability was measured at the times indicated at 490 nm in an enzyme-linked immunosorbent assay plate reader following addition of 0.02 mL of MTS AQ ueous One solution per well and a 1-hour incubation at 37°C in a 5% CO 2 atmosphere. Each experiment was carried out in quadruplicate and repeated two times. Percentage viability is calculated relative to vehicletreated controls using the mean -SEM optical density at 490 nm.
Statistical analyses
Values for RT-PCR mRNA analyses are expressed relative to time-matched, vehicle-treated cells and were performed in triplicate and repeated two or more times. Statistical analyses are on raw cycle threshold (Ct) values adjusted for actin (n = 3 replicates) relative to vehicle-treated cells. For cell proliferation, multiple comparisons were performed using analysis of variance with Bonferroni's correction to adjust for multiple comparisons each at the P < .05 level of significance relative to vehicle-treated cells.
For semiquantitative real-time RT-PCR, a t test was performed on individually treated, time-matched, vehicletreated cells with Ct values adjusted for actin content.
RESULTS
Microarray analysis
To characterize the downstream gene regulatory role of ATF3, we used microarray analysis with the Agilent Human 1Av2 chip to look for similarities in gene expression patterns by ATF3-overexpressing human colorectal cancer HCT-116 cells. We overexpressed full-length ATF3 protein in HCT-116 colorectal cancer cells. Based on the microarray analysis, 64 genes were regulated by ATF3 overexpression (Table 1) : 36 were induced, and 28 were repressed. Based on the microarray analysis, several genes were identified as regulated by ATF3 overexpression in this cell line. Several genes related to cancer were regulated by ATF3 overexpression. For example, the early growth response-1 gene was induced by ATF3 overexpression in this study and as previously reported by this laboratory, and both ATF3 and early growth response-1 are regulated by sulindac sulfide. 22 Another gene important in the carcinogenic process is Id1. Id1 was identified as repressed by ATF3 overexpression in this study using microarray analysis. Id1 was chosen for further study because expression of Id1 protein correlates with ATF3 expression based on the literature, and, like ATF3, Id1 is important to cell growth and proliferation. Therefore, Id1 may represent an important downstream target of ATF3 responsible for the biological activity of ATF3.
ATF3-overexpressing cells
The induction of ATF3 and repression of Id1 in ATF3-overexpressing cells were confirmed at the mRNA level Stable pools of HCT-116 cells expressing vector (pcDNA3.1Zeo) or ATF3 in the sense orientation were plated for 24 hours in complete medium followed by RNA isolation. Microarray was performed according to the National Institute of Environmental Health Sciences microarray facility using the Agilent Human 1Av2 chip. Values are relative to vector-expressing cells and are at least P < .001 according to microarray analysis. The two subjects of this article are denoted by bold type.
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BOTTONE AND ALSTON-MILLS using semiquantitative real-time RT-PCR. ATF3-overexpressing cells were plated for 24 hours in complete medium as in the microarray experiment. As a result, ATF3 mRNA expression was induced by 4.9 -0.37 (P < .001), whereas Id1 was suppressed by 0.22 -0.13 (P < .001). Values are expressed as mean fold relative change ( -SEM) and performed in triplicate repeated two or more times. This was repeated in the absence of serum with similar results (data not shown). Probability values are according to a t test relative to time-matched, vehicle-treated cells paired with each treatment performed on Ct values adjusted for actin content. Subsequently, the induction of ATF3 and the repression of Id1 in these ATF3-overexpressing cells were confirmed at the protein level at the same time point as the microarray experiment (Fig. 1) .
Dietary compounds regulate the expression of ATF3 and Id1 at the protein and mRNA levels
In an effort to evaluate the regulation of Id1 and ATF3 by various dietary compounds with chemopreventive activity, wild-type HCT-116 colorectal cancer cells were incubated with vehicle, sulindac sulfide, resveratrol, and genistein for 24 hours based on prior studies followed by real-time semiquantitative RT-PCR (Table 2) . 11 Sulindac sulfide, which is reported to induce ATF3, was used as a positive control because it is well studied, has documented chemopreventive activity in humans and animal models, and illustrates that the concomitant regulation of these genes occurs by a wide variety of compounds. 11 It is well established that ATF3 is regulated by sulindac sulfide in various colorectal cancer cell lines. 8, 17, 22 The dietary compounds resveratrol and genistein were chosen based on their reported chemopreventive activity, and each reportedly induces ATF3 in various cell lines. 8, 23 In an effort to evaluate the regulation of Id1 and ATF3 by various compounds with chemopreventive activity, wildtype HCT-116 colorectal cancer cells were incubated with vehicle or sulindac sulfide to establish the best time point for analysis by western blot. The time course for the induction of ATF3 and the suppression of Id1 using our positive control, sulindac sulfide, is illustrated in Figure 2 . A time-dependent increase in ATF3 expression occurred and 1-8, respectively) . This assay was repeated with similar results.
corresponded with a decrease in Id1 expression. Because of some inconsistencies in vehicle-treated cells at the earlier time points and the fact that the most consistent results were seen at 8 hours and beyond, an 8-hour time point was chosen based on the time course for sulindac sulfide to examine the concentration dependence following treatment with the dietary compounds (Table 3) .
Subsequently, concentration curves were performed using HCT-116 cells treated for 8 hours in the presence of vehicle or the compounds indicated. Similar to the microarray experiments, induction of ATF3 and repression of Id1 were observed at the protein level in the 25-50 lM range following treatment with these compounds (Fig. 3A) . Treatment with sulindac sulfide, even at lower concentrations, resulted in the greatest induction of ATF3 and repression of Id1. These results were quantified, and following adjustment for actin content, relative to vehicle, each of these compounds induced ATF3 and repressed Id1 (Fig. 3B  and C) .
Inhibition of cell proliferation by dietary compounds
The precise mechanisms for the anticancer effects of these compounds are not fully understood; however, inhibition of cell proliferation, induction of apoptosis, and induction of differentiation are potential pathways. In general, these dietary compounds inhibited cell proliferation by 30-40% or more at 100 lM concentrations (compared with 70% for sulindac sulfide) in serum-containing medium, In a time-course analysis, HCT-116 human colorectal cancer cells were treated in serum-free medium with vehicle or 20 lM sulindac sulfide as indicated, for 1, 2, 3, 4, 5, 6, 8, or 24 hours as shown in Figure 2 (lanes 1-8) . 
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which is required to prevent cell death due to toxicity at these time points in this cell line (Fig. 4) . The presence of serum generally requires higher concentrations than serumfree medium. The dietary compounds used in this study have unique chemical characteristics. Nevertheless, one thing they have in common is their ability to regulate gene expression. The ability of compounds such as COX inhibitors (i.e., sulindac sulfide) and antioxidants (i.e., resveratrol and genistein) to regulate gene expression independent of their established mechanisms of action demonstrates that the regulation of gene expression by these compounds occurs through an alternate pathway as described elsewhere by this laboratory. 11 For example, the regulation of ATF3 in human colorectal cancer cell lines by NSAIDs is independent of the ability of these compounds to inhibit COX activity. 11 In the case of ATF3, it is likely that its activity as a transcription factor is responsible for the regulation of downstream genes, which might explain, at least in part, the chemopreventive effects of compounds that regulate ATF3. The overexpression of ATF3 alone did not inhibit cell proliferation, indicating that, in addition to ATF3, other factors are likely involved (data not shown). Furthermore, as published elsewhere, the overexpression of ATF3 alone in this cell line did not induce apoptosis. 8 
DISCUSSION
In this report, we reveal for the first time that overexpression of ATF3 in colorectal cancer cells modulates various downstream genes as determined by microarray analysis and that the expression of Id1 is suppressed following treatment with resveratrol and genistein. We chose to focus on the concomitant regulation of Id1 because, like ATF3, Id1 is a modulator of cell growth and proliferation in cancer cells, and the repression of Id1 has reported anticancer activity. Furthermore, Id1 is a reported downstream target of ATF3, and it interacts with the promoter of ATF3, indicating the activity of the proteins for these genes is closely regulated. 19, 24, 25 Three ATF3 transcription factor binding sites are present in the Id1 gene. Therefore, Id1 may represent an important downstream target of ATF3 responsible for the biological activity of this gene. 25 We chose to estimate the regulation of Id1 by various dietary compounds with reported chemopreventive activity to help elucidate the biological significance of the Id1 gene. Id1 is involved in cell growth, proliferation, angiogenesis, and differentiation, whereas repression of Id1 has reported anticancer activity. Thus, the biological significance of Id1 in the literature, the cluster analysis of our microarray data, and a scan of the Id1 gene promoter sequence led us to pursue the concomitant regulation of ATF3 and Id1.
In this study, we attempted to evaluate the biological significance of the concomitant expression of ATF3 and Id1. We hypothesized that, similar to sulindac sulfide, dietary compounds with cancer chemopreventive activity act, in part, by increasing the expression of, among other genes, that for the transcription factor ATF3, which in turn might regulate the expression of various biologically relevant downstream target genes such as Id1. ATF3 and Id1 were concomitantly regulated following overexpression of ATF3 and following treatment with various dietary compounds and sulindac sulfide as reported herein. Sulindac sulfide induced ATF3 and repressed Id1 at lower concentrations than the dietary compounds; however, these compounds were equally effective or more potent at higher doses. Cells treated with these compounds had reduced cell proliferation. Sulindac sulfide was the most potent inhibitor of cell proliferation in this cell line, indicating that the inhibition of cell proliferation by these compounds does not directly correlate with the ability of these compounds to regulate the expression of ATF3 or Id1. Thus, it is likely that alternate or multiple pathways are involved in the inhibition of cell proliferation by these compounds. The precise mechanism regulating ATF3 and Id1 by these compounds is complex and likely involves multiple, overlapping, and/or alternate mechanisms. The HCT-116 cell line contains wild-type p53, and these genes reportedly are regulated by p53 under certain conditions. Therefore, further research is needed to establish if there is a correlation between the regulation of ATF3 and Id1 and the mechanism involved.
Id1 forms an inactive heterodimer with transcription factors such as ATF3, thereby preventing their binding to DNA and subsequent ability to alter gene expression. 25 
FIG. 4.
Cell proliferation in HCT-116 colorectal cancer cells treated with the compounds used in this study. These compounds inhibit cell proliferation of HCT-116 cells following treatment for 48 hours in complete medium. Representative data are shown from 100 lM treatments in medium containing serum, which generally requires higher concentrations than serum-free medium. Each treatment was performed with a matching control and was done in triplicate, two or more times. Data are mean -SEM values. Statistical significance was calcualted by analysis of variance with Bonferroni's correction for multiple comparisons relative to vehicle-treated cells: *P < .05, ***P < .001.
Thus, repression of Id1 would result in an enhancement of ATF3 expression and potentially its downstream biological activity such as inhibition of invasion. Further evidence that ATF3 is involved in the regulation of Id1 exists. ATF3 is induced by curcumin, 26 whereas in other reports Id1 is suppressed by curcumin, 27 indicating a possible link to the regulation of ATF3 and Id1 by other dietary compounds. Similar to resveratrol, 28 curcumin is a dietary compound with chemopreventive activity. 5 Therefore, the biological significance of Id1 reported in the literature indicates ATF3 is likely involved in the repression of Id1 by various dietary compounds. However, the precise mechanism regulating ATF3 and subsequently Id1 by these compounds is not known.
The inhibitor of differentiation family of genes plays an important role in cell growth, differentiation, proliferation, invasion, and angiogenesis. 29 The overexpression of Id1 is seen in gastric cancers relative to adjacent normal tissue and is associated with decreased differentiation in human clinical samples. 30 Expression of Id1 is elevated in colorectal cancer tissues compared with normal mucosa and is correlated with an increased mitotic index, and proliferation of colorectal cancer cells is blocked by antisense Id1. 31 However, the control of these processes is often lost in cancer, making them ideal targets for anticancer treatments. 32 Id1 is a transcription factor, and its gene is a potential protooncogene known to repress the biological activity of proteins such as ATF3. 20, 33 Id1 and ATF proteins reportedly interact based on pull-down assays and sodium dodecyl sulfate-polyacrylamide gel electrophoresis in human prostate cancer cells. 24 Id1 is involved in cell growth, differentiation, angiogenesis, proliferation, and invasion, 29 and the expression of Id1 is deregulated in various cancers, including gastrointestinal cancers (for a review, see Sikder et al.
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). Id1 is also associated with various biological activities such as invasion. 18, 34 Lastly, the expression of ATF3 is induced, 26 whereas that of Id1 is suppressed, by curcumin, 27 ,35 a dietary compound with chemopreventive activity. Therefore, suppression of Id1 may explain the inhibition of invasion by ATF3 or by treatment with dietary compounds with anti-invasive activity such as genistein and resveratrol. 23, 36 Thus, the induction of ATF3 and repression of Id1 in cancer cells appear linked; however, the possibility that their expression is coincidental remains.
This work provides the first evidence that the transcription factor Id1 is repressed by numerous dietary compounds with cancer chemopreventive activity, thereby providing a potential explanation for the antitumorigenic activity of these compounds. Furthermore, this work provides insight into the complex nature of gene regulation by various compounds and indicates that multiple, overlapping mechanism are likely involved in the regulation of Id1 and potential downstream effects such as inhibition in cell proliferation by these compounds. This is a novel, first report demonstrating that the expression of Id1, a gene involved in cellular differentiation and correlated with a poor clinical outcome in patients with cancer, is repressed by a wide variety of compounds, from NSAIDs to polyphenolic dietary compounds, potentially through multiple mechanisms. Further work is needed to determine the molecular mechanism or mechanisms responsible for the regulation of Id1 and to determine if biological activity of ATF3 overexpression is mediated by repression of Id1 following exposure to polyphenolic and other dietary compounds and if this occurs in cancer cells of other origins.
